The capacity of embryonic stem (ES) cells to form functional motoneurons (MNs
Introduction
Embryonic stem (ES) cells are pluripotent cells with the capacity for continuous self-renewal. Recent advances in ES cell technology have permitted the derivation of neural progenitors from human ES cells (Reubinoff et al., 2001; Zhang et al., 2001) , highlighting their potential as an unlimited cellular source for neural cell replacement therapies. Considerable attention has focused on the role of ES cells or their derivatives in the treatment of neurodegenerative disorders, such as Parkinson's disease and amyotrophic lateral sclerosis, in which selective populations of neurons degenerate (Arenas, 2002; Freed, 2002; Gerlach et al., 2002; Silani et al., 2002) .
The differentiation of ES cells into dopaminergic neurons (Kawasaki et al., 2000; Lee et al., 2000; Kim et al., 2002) and motoneurons (MNs) (Renoncourt et al., 1998; Wichterle et al., 2002) has recently been reported, primarily on the basis of molecular markers. Additional critical aspects of neuronal subtype differentiation include the sensitivity of neurons to specific neurotransmitters, the ability to transform these chemical inputs into appropriate patterns of action potential firing, and the formation of functional synapses with target cells. Therefore, establishing the functional differentiation of ES cell-derived neurons will require a detailed comparison of the physiological properties of ES cell-and embryo-derived neurons. One prototypic neuronal population that may permit an analysis of this issue is the spinal MN (Binder et al., 1996; Heckman et al., 2003) . In part, this is because many of the genetic cues that direct MN development have been defined. The combined actions of retinoic acid (RA) and sonic hedgehog (Shh) are thought to establish a profile of homeodomain transcription factors in ventral progenitor cells that is necessary for the subsequent differentiation of MNs (Briscoe et al., 2000; Novitch et al., 2003) . These inductive signals and progenitor factors then direct the expression of downstream transcriptional regulators, in particular Hb9, a homeodomain protein expressed by postmitotic MNs (Thaler et al., 1999 ) that has been shown to consolidate MN identity (Arber et al., 1999) . Strikingly, many aspects of the normal developmental program that directs MN differentiation in vivo can be recapitulated using ES cells in vitro. Thus, exposure of ES cells to RA and Shh induces differentiation to neurons with many molecular markers of MNs (Wichterle et al., 2002) . Such studies, however, have not yet resolved whether the molecular characteristics of ES cellderived MNs are accompanied by the acquisition of functional membrane properties typical of developing MNs: membrane currents, spike firing properties, and the formation of functional cholinergic synapses with muscle.
In this study, we have investigated whether the molecular properties of ES cell-derived MNs are accompanied by expression of characteristic MN physiology. We show that MNs derived from ES cells in vitro develop many functional properties of embryo-derived MNs in vivo: they express functional receptors for excitatory and inhibitory transmitter systems that normally provide inputs to MNs, they develop electrophysiological properties necessary to produce appropriate patterns of action potential firing, and they form functional cholinergic synapses with muscle cells in culture.
Materials and Methods

Cell culture
This study used an ES cell line (HBG3) derived from a transgenic mouse line (mHb9-Gfp1b) in which enhanced green fluorescent protein (eGFP) is expressed under the control of the mouse Hb9 promotor (Wichterle et al., 2002) . Hb9 is a homeodomain protein that is expressed by somatic MNs (Arber et al., 1999; Thaler et al., 1999) , and thus eGFP expression can be used to identify putative MNs in culture. ES cell-derived MNs were generated using methods described previously (Wichterle et al., 2002) . Briefly, ES cells were grown in aggregate cultures for 2 d in DFK10 medium to form embryoid bodies (EBs). DFK10 medium consisted of DMEM (Specialty Media, Phillipsburg, NJ) and Ham's F-12 media (Specialty Media) in a 1:1 ratio supplemented with knock-out serum replacement (10% by volume; Invitrogen, Burlington, Ontario, Canada), penicillin/streptomycin (1% by volume; Sigma, St. Louis, MO), N2 supplement (2.4% by volume; Invitrogen), glucose (4500 mg/l), L-glutamine (200 mM), heparin (1 u/l; Sigma), and ␤-mercaptoethanol (0.1 mM; Sigma). While in suspension culture, EBs were treated with retinoic acid (1 M; Sigma) and hedgehog agonist (Hh-Ag1.3, 1 M; Curis Inc., Cambridge, MA). EBs were cultured for an additional 5 d.
To obtain stable recordings from ES cell-derived neurons, it was necessary to ensure that they adhered to coverslips. To do this, EBs were plated on day 5 on mitomycin C (Sigma)-treated primary mouse embryonic fibroblasts that had been plated 1-3 d previously on poly-D-lysinelaminin-coated 12 mm round coverslips (Becton Dickinson, Mississauga, Ontario, Canada) in DFK10 medium supplemented with 10% horse serum. For the remainder of experiments, EBs were plated on either the C2C12 muscle cell line (American Type Culture Collection, Manassas, VA) or chick myotubes. The C2C12 cells were plated 10 d previously on poly-D-lysine-laminin-coated coverslips in myotube differentiation medium consisting of 98% DMEM (Invitrogen), L-glutamine (4 mM), sodium bicarbonate (1.5 gm/l), D-glucose (4.5 gm/ l), and 2 or 10% horse serum. The chick myotube cultures were generated as described previously (Rafuse and Landmesser, 1996) . Briefly, myoblasts were mechanically dissociated from embryonic day 12 (E12) White Leghorn chick pectoral muscles and diluted with culture medium to a final concentration of 10 6 myoblasts/ml. Myoblasts were plated on rat tail collagen (type I; Collaborative Biomedical Products, Bedford, MA)-coated coverslips at 50,000 cells per coverslip in 0.5 ml of Ham's F-10 (supplemented with 1.26 mM CaCl 2 ) containing 10% horse serum (Invitrogen) and 5% chicken embryo extract. After 2 d in culture, the cells were treated with cytosine ␤-D-arabinofuranoside (5 M; Sigma) to remove the fibroblasts from the culture. Under these conditions, the cultures were devoid of fibroblasts and contained numerous multinucleated chick myotubes after 3 d.
Medium for the EB-myotube cocultures consisted of DFK10 medium supplemented with CaCl 2 (1.36 mM) and sodium pyruvate (1 mM; Sigma). Twenty-four hours after EBs were plated, media were supplemented with glial-derived neurotrophic factor (20 ng/ml; Upstate Biotechnology, Lake Placid, NY), ciliary neurotrophic factor (10 ng/ml; Upstate Biotechnology), and forskolin (50 M; Sigma; for fibroblast cocultures only) to aid in cell survival (Wichterle et al., 2002; MacDonald et al., 2003) . A delay of 24 hr before administration of these factors was required because earlier application of neurotrophic factors inhibited plating of ES cells.
Immunohistochemistry
Cells were fixed for 1 hr in a 3.7% formaldehyde (Fisher Scientific, Houston, TX) solution. Immunohistochemical labeling techniques were performed using antibodies against choline acetyltransferase (ChAT), microtubule-associated protein 2 (MAP2), and vesicular acetylcholine transporter (VAChT) ( Table 1) . To reduce background staining, tissue was treated overnight with 10% blocking serum. All primary antibodies were applied overnight in 10% blocking serum and PBS at 4°C. Cells were then rinsed for 30 min in PBS and the secondary antibody (Table 2) was administered in 10% blocking serum for 2 hr at 4°C. Rhodamineconjugated ␣-bungarotoxin (1:100; Molecular Probes, Eugene, OR), used to label acetylcholine receptors, was applied either in combination with secondary antibodies or alone during an additional 2 hr incubation step. After 30 min of PBS rinsing, cells were coverslipped with mounting medium (Sigma). Images were captured using either a digital camera (Nikon Coolpix 4500; Nikon, Mississauga, Ontario, Canada) mounted on a fluorescence microscope (Leica DMLFS; Leica, Richmond Hill, Ontario, Canada) or via a laser-scanning confocal microscope (Zeiss LSM 510; Zeiss, Thornwood, NY). Orthogonal confocal images were rendered via Zeiss LSM Image Browser software.
Electrophysiology
Whole-cell patch-clamp recordings. Whole-cell patch-clamp recording techniques were used to study the intrinsic properties of ES cell-derived MNs in culture. Experiments were performed in a recording chamber that was perfused continuously with oxygenated artificial CSF (aCSF) at room temperature (RT) (22Ϫ24°C). eGFP epifluorescence was always used to identify ES cell-derived MNs before recordings (see Fig. 3D ). Whole-cell patch-clamp recordings were made from cells visualized with infrared differential interference contrast microscopy (see Fig. 3C ,E) using a Leica DMLFSA upright microscope. Patch electrodes (resistance 4.0 -5.0 M⍀) were pulled on a Sutter P-87 puller (Sutter Instrument Company, Novato, CA) from 1.5 mm outer diameter filamented borosilicate glass (World Precision Instruments, Sarasota, FL). Signals recorded using whole-cell patch-clamp techniques were amplified and filtered (4 kHz low-pass Bessel filter) using a MultiClamp 700A amplifier (Axon Instruments, Union City, CA). Amplified signals were acquired at 10 kHz using a Digidata 1322A analog-to-digital (A/D) board and pClamp 8 or 9 software (Axon Instruments). Series resistance, whole-cell capacitance (C m ), and input resistance (R N ) values were calculated using pClamp 8 or 9 software. An on-line P4 leak subtraction protocol (Heinemann, 1995) was used for all recordings of voltage-activated currents. All voltage and current-clamp protocols are described in Results. Signals were analyzed off-line using Clampfit 8 or 9 software (Axon Instru- For experiments investigating voltageactivated Ca 2ϩ currents, external and pipette solutions were designed to eliminate Na ϩ and K ϩ currents (Carlin et al., 2000a) . The external solution contained (in mM): 115 NaCl, 3 KCl, 30 TEA-Cl, 10 HEPES, 1 MgCl 2 , 2 CaCl 2 , 10 D-glucose, 4 4-AP (gassed with 100% O 2 , pH 7.35, adjusted with NaOH; osmolarity, ϳ305 mOsm). The pipette solution contained (in mM): 100 Cs-methane-sulfonate, 30 TEA-Cl, 10 NaCl, 1 CaCl 2 , 10 HEPES, 1 EGTA, 3 ATPMg, 0.4 GTP, pH 7.2-7.3 (adjusted with KOH; osmolarity adjusted to ϳ295 mOsm with sucrose).
All drugs were made up as concentrated stock solutions and stored in single-use vials (to eliminate freeze-thaw cycles) at Ϫ20°C. Final concentrations were achieved by diluting stock solutions in aCSF. Stock solutions of apamin, TTX, 4-AP, GABA, and glycine were made up in distilled water. Stock solutions of FPL-64176 and nifedipine were made up in ethanol (final concentration of ethanol, 0.2%). Stock solutions of glutamate were made up in 0.1 M NaOH. Drug application was via addition to the perfusate.
Results
Differentiation of MNs from ES cells
Putative MNs were derived from HBG3 ES cells as described previously (Wichterle et al., 2002) . Under our experimental conditions, cells within EBs began to express eGFP ϳ24 hr after RA and Hh-Ag1.3 were added to the culture medium (Fig. 1) . The number of eGFP ϩ cells in EBs increased until day 4 ( Fig. 1) , as described by Wichterle et al. (2002) .
Five days after the onset of RA-Hh-Ag treatment, EBs were plated on a monolayer of differentiated C2C12 myotubes. One day after plating, eGFP ϩ cells extended long neurites across the myotubes, and all expressed the neuronal marker MAP2 (n ϭ 5 cultures) (Caceres et al., 1984; Papasozomenos et al., 1985) . Approximately half of the MAP2-immunopositive neurites within and in close proximity to the EBs were eGFP Ϫ ( Fig. 2A -C, arrowheads). Many of these MAP2-immunopositive eGFP Ϫ cells had short neurites and were presumably ventral interneurons (Wichterle et al., 2002) .
Three days after plating (n ϭ 9 cultures), Ͼ95% of eGFP ϩ neurons ( Fig. 2 D) within EBs, as well as those that had migrated onto the surrounding myotubes, expressed ChAT ( Fig. 2 E, arrows), indicating that they had acquired a cholinergic transmitter phenotype. This is similar to the ChAT expression seen in these cells after differentiation and dissociation (Wichterle et al., 2002) . A low proportion (Ͻ 10%) of the ChAT-immunopositive cells were eGFP Ϫ (Fig. 2 E, arrowheads, F ), suggesting that ES cells also generate cholinergic interneurons or eGFP Ϫ MNs. During development, synaptic proteins are distributed in the axons and synaptic terminals of chick (Dahm and Landmesser, 1991) and mouse (Lupa and Hall, 1989) MNs. Consistent with these in vivo studies, the neurites ( Fig. 2 H, I , arrows) of eGFP ϩ cells expressed VAChT (n ϭ 11 cultures). Together, these results support the findings of Wichterle et al. (2002) that, in the presence of RA-Hh-Ag, HBG3 ES cells differentiate into neurons that have many of the molecular characteristics of MNs.
Passive properties of ES cell-derived MNs
To investigate the degree to which ES cell-derived MNs express the passive physiological properties characteristic of MNs, wholecell patch-clamp recordings were made from eGFP ϩ neurons (Fig. 3) . During late embryonic development [from E16 to postnatal day 0 (P0)], the resting membrane potential of rat phrenic MNs hyperpolarizes (by ϳ10 mV) and the input resistance decreases (by ϳ67%) (Martin-Caraballo and Greer, 1999) . The passive membrane properties of ES cell-derived MNs changed similarly with time in culture, reaching relatively steady states 3-4 d after plating (Table 3 ). The resting membrane potential hyperpolarized from Ϫ35 Ϯ 6 mV at day 1 to a steady state of Ϫ54 Ϯ 2 mV by day 4. There was also a decrease in input resistance over the first 3 d from 1088 Ϯ 160 to 520 Ϯ 35 M⍀. In addition, using whole-cell capacitance as an indicator of cell surface area, clearly there was rapid growth in ES cell-derived MNs over the first 2 d, during which time whole-cell capacitance increased from 16.6 Ϯ 1.0 to 30.7 Ϯ 2.7 pF. All subsequent analysis of membrane currents was performed on ES cell-derived MNs that had been cultured for 3-7 d after establishment of coculture. The average passive membrane properties for cells in the 3-7 d group were as follows: C m , 31.3 Ϯ 1.1 pF; R N , 570 Ϯ 28 M⍀; and V m , Ϫ53 Ϯ 1 mV (n ϭ 71). These values are comparable with E18 rat phrenic MNs (R N ϭ 551; V m ϭ Ϫ57.4) (Martin-Caraballo and Greer, 1999) and P1-P3 rat lumbar MNs (C m ϭ 33.2; R N ϭ 734) (Gao and ZiskindConhaim, 1998) .
Neurotransmitter effects on ES cell-derived MNs
Functional GABA and glycine receptors are present on embryonic MNs as early as E17 (Wu et al., 1992; Gao and ZiskindConhaim, 1995) . Responses to GABA and glycine receptor activation in MNs involve a chloride conductance, which mediates membrane depolarization during embryonic and early postnatal stages (Wu et al., 1992; Gao and Ziskind-Conhaim, 1995) and membrane hyperpolarization at mature stages (Curtis et al., 1968; Werman et al., 1968) . This developmental change likely reflects a change in the chloride equilibrium potential after upregulation of a K ϩ /Cl Ϫ cotransporter (Stein et al., 2004) . To determine whether GABA and glycine receptors are present on ES cell-derived MNs, we assayed the sensitivity of these neurons to bath application of GABA and glycine during voltage-clamp recordings. Bath application is useful for the determination of steady-state currents mediated by these receptors; however, peak currents desensitize and therefore may be underestimated.
Applications of GABA (100 M) to ES cell-derived MNs induced inward currents of Ϫ50 Ϯ 5 pA (n ϭ 7) in eGFP ϩ neurons held at Ϫ60 mV (n ϭ 7) (Fig. 4 Ai). Similar to those seen in (embryonic) MNs (Gao and Ziskind-Conhaim, 1995) , GABAinduced currents were mediated by an increase in conductance (465 Ϯ 168%; n ϭ 4) and had one inward component that rapidly desensitized and another that persisted for several minutes after washout of the drug began. Drug applications performed in the presence of TTX (0.5 M) were used to analyze the currentvoltage relationship of induced currents. The control data were subtracted from those obtained during drug applications to obtain the I-V curves illustrated. The reversal potential for these GABA-induced currents was found to be Ϫ57 Ϯ 3 mV (n ϭ 4) (Fig. 4 Aii) .
Glycine (100 M) applications also induced inward currents, but they were much smaller (Ϫ9 Ϯ 2 pA at Ϫ60 mV; n ϭ 6) (Fig.  4 Bi) than those activated by GABA. Glycine-induced currents were also associated with increased conductance (62 Ϯ 17%; n ϭ 6) and had reversal potentials similar to GABA-mediated currents (Ϫ56 Ϯ 2 mV; n ϭ 6) (Fig. 4 Bii) . The reversal potentials of both glycine and GABA-mediated currents were close to the Cl equilibrium potential (Ϫ62 mV) calculated for our combination of intracellular and extracellular solutions. As in other neurons, excitation of embryonic and postnatal MNs is mediated by glutamate binding to both non-NMDA and NMDA receptors (Jiang et al., 1990) . Glutamate (100 M) applications were used to identify functional glutamatergic receptors in ES cell-derived MNs. Glutamate-induced inward currents averaged Ϫ90 Ϯ 19 pA at Ϫ60 mV (n ϭ 15) (Fig. 4Ci) . Glutamate applications performed in the presence of TTX (0.5 M) and TEA (30 mM) were used for analysis of current-voltage relationships. Using methods as described above for GABA applications, this analysis demonstrated that glutamate-induced currents were associated with an increase in conductance (41 Ϯ 17%; n ϭ 5) and had reversal potentials of 3 Ϯ 5 mV (n ϭ 5) (Fig. 4Cii ), in keeping with the expression of a mixed cationic current.
To examine whether ES cell-derived MNs receive functional synaptic input, glutamate application was used to excite neurons. In ES cell-derived MNs cocultured for Ͼ5 d, application of glutamate induced EPSCs (n ϭ 3) (Fig. 4Ciii) . These events were not seen after TTX application and were not seen in ES cell-derived MNs cocultured for Ͻ6 d. This demonstrates that synapses within the EBs develop after 5 d in coculture.
Ion channels in ES cell-derived MNs
To produce trains of action potentials necessary for muscle contractions, MNs require several fundamental conductances. These include the voltage-dependent fastinactivating sodium channel, which gives rise to action potential depolarization, and the voltage-dependent noninactivating potassium channel (delayed rectifier) responsible for action potential repolarization. In addition, MNs, like many other types of neurons, have a transient inactivating potassium channel (I A ) (McLarnon, 1995) and a range of voltage-activated Ca 2ϩ channels (Carlin et al., 2000a) . Voltage-clamp protocols were used to study these voltage-activated Na ϩ , K ϩ , and Ca 2ϩ conductances in ES cellderived MNs.
Voltage steps (50 msec duration) from a holding potential of Ϫ60 mV to a range of test potentials between Ϫ100 and ϩ40 mV (10 mV increments) demonstrated fast-inactivating Na ϩ currents. These steps activated large (Ϫ3750 Ϯ 304 pA; n ϭ 35) inward currents that inactivated rapidly and were sensitive to TTX (0.5 M; n ϭ 25) (Fig. 5A) . Current-voltage relationships for these currents showed that they activated near Ϫ40 mV and peaked at Ϫ20 mV (Fig. 5Aii) .
In the presence of TTX (0.5 M) to block fast-inactivating Na ϩ currents, voltage steps (250 msec duration) from a holding potential of Ϫ40 mV to test potentials between Ϫ30 and ϩ50 mV (10 mV increments) were used to study persistent (delayed rectifier-like) K ϩ currents in ES cell-derived MNs. These voltage steps activated persistent outward currents (Fig. 5Bi) . Currentvoltage relationships for these currents (generated using the last 20 msec of the voltage steps) indicated that they activated near Ϫ20 mV, increased in magnitude with more positive voltage steps (n ϭ 24) (Fig. 5Biii) , and were almost completely blocked by externally applied TEA (30 mM; n ϭ 3) (Fig. 5Bii,Biii) .
Similar protocols using a holding potential of Ϫ80 mV demonstrated that ES cell-derived MNs also possess a transient (I Alike) outward current (Fig. 5Ci) . This current could be isolated by subtracting responses to voltage steps made using a holding potential of Ϫ40 mV (at which only the persistent outward current was activated) from responses to the same steps made using a holding potential of Ϫ80 mV (at which both transient and persistent currents were activated) (Gao and Ziskind-Conhaim, 1998; Alessandri-Haber et al., 2002). The resulting traces revealed Voltage-clamp recordings of membrane current (I m ) during application of GABA (100 M) (Ai), glycine (GLY; 100 M) (Bi), and glutamate (GLUT; 100 M) (Ci, Ciii). Currentvoltage relationships for GABA-, glycine-, and glutamate-induced currents are shown in Aii, Bii, and Cii, respectively. Voltage steps (200 msec duration) from a holding potential of Ϫ60 mV to a range of test potentials between Ϫ90 and ϩ40 mV (10 mV increments) were performed before and during drug responses. Steady-state currents (the last 20 msec of pulses) were used to generate current-voltage plots under control conditions and during drug responses after steady state was reached. Dotted lines indicate membrane current under control conditions. A holding potential of Ϫ60 mV was used during all drug applications. After glutamate application in cells in coculture conditions for Ͼ 5 d, EPSCs were recorded in ES cell-derived MNs (Ciii). Note: delayed responses to drug applications reflect the time taken for the drug to wash into the recording chamber (typically 1 min). a transient outward current that inactivated within 50 msec (Fig. 5Ciii) . This current was sensitive to the I A channel blocker 4-AP (4 mM; n ϭ 5) (Fig. 5Cv,Cvi) .
When Na ϩ and K ϩ currents were completely blocked with external TTX (0.5 M), external 4-AP (4 mM), external and internal TEA (30 mM), and internal Cs (100 mM), depolarizing voltage steps (500 msec duration) from a holding potential of Ϫ60 mV to test potentials between Ϫ50 and ϩ20 mV (10 mV increments) elicited inward currents in ES cell-derived MNs (n ϭ 9) (Fig. 5D ). These currents were verified as voltage-activated Ca 2ϩ currents by their complete block after application of the nonspecific voltage-activated Ca 2ϩ channel blocker cadmium (0.1 mM; n ϭ 2) (Fig. 5Di) . The current-voltage relationship for these currents demonstrated that they activated near Ϫ40 mV, reaching maximum amplitude at 0 mV ( Fig. 5Diii) (n ϭ 9). To investigate a lower threshold Ca 2ϩ current, voltage steps from a holding potential of Ϫ80 to Ϫ40 mV were used (Fig. 5Dii) (n ϭ 5) (Martin-Caraballo and Greer, 2001). These steps produced transient inward currents that were blocked by the selective T-type channel blocker nickel (0.1 mM; n ϭ 2) (Fig. 5Dii) (MartinCaraballo and Greer, 2001 ).
These findings show that ES cellderived MNs develop a range of voltageactivated channels, including fastinactivating sodium channels, delayed rectifier potassium channels, inactivating potassium channels (I A ), and voltageactivated Ca 2ϩ channels.
Firing properties of ES cell-derived MNs
MNs are known to fire repetitively with a graded rate that increases in proportion to somatic current injection (Granit et al., 1963) . The minimum and maximum firing rates and the slope of this frequencycurrent ( f-I ) function vary for different classes of MNs (those innervating slowtwitch vs fast-twitch muscle). These properties are also state-dependent, in that they differ, for example, in anesthetized versus decerebrate animals and walking versus nonwalking states (Brownstone et al., 1992; Heckman et al., 2003) .
The f-I relation of ES cell-derived MNs was investigated using current-clamp techniques in which a series of current pulses (1 sec) of increasing amplitude (2-10 pA steps) were injected. This protocol activated action potentials from the first day in coculture onward. During the first 2 d in coculture, only single action potentials could be induced (n ϭ 18) ( currents. Voltage-clamp recordings after elimination of Na ϩ and K ϩ currents show inward currents activated by depolarizing steps from a holding potential of Ϫ60 mV ( i) or Ϫ80 mV (ii). These currents are sensitive to cadmium and nickel, respectively. Current-voltage relationships for Ca 2ϩ currents elicited from a holding potential of Ϫ80 mV are plotted in iii, using peak inward current (filled diamonds) or current averaged during the last 20 msec of voltage steps (open squares; n ϭ 9).
6 Ai). By the third day, repetitive trains of action potentials were elicited (Fig. 6 Aii) . This recapitulates the development of repetitive firing in lumbar spinal MNs in vivo (Gao and ZiskindConhaim, 1998 ). All subsequent current-clamp experiments were performed on cells that had been cultured for at least 3 d after plating in cocultures. In total, repetitive firing was observed in 52 of 61 cells tested at time points between 3 and 7 d after plating. During repetitive firing, spike frequency adaptation was observed as evidenced by instantaneous frequency versus time plots for single current steps (Fig. 6 Bi). The minimum current required to elicit repetitive firing was 25 Ϯ 5 pA (n ϭ 13), and the minimum firing frequency observed was 5.1 Ϯ 0.4 Hz (n ϭ 13). Graphs of steady-state firing frequency (averaged over the last 500 msec of pulses) versus injected current showed that firing frequency increased with increased current injection (Fig. 6 Bii) . In cells that appeared to have been driven close to their maximum firing frequency, the fastest firing rates observed were 18.4 Ϯ 0.3 Hz (n ϭ 9). Given that f-I relationships were nonlinear, slopes could not be accurately determined.
The firing rate of adult cat MNs is regulated by apamin-sensitive Ca 2ϩ -dependent K ϩ channels (K (Ca) ) that underlie the afterhyperpolarization (Baldissera and Gustafsson, 1971; Zhang and Krnjevic, 1987) . Therefore, the role of I K(Ca) in repetitive firing of differentiated ES cells was examined using the SK-type K (Ca) channel blocker apamin (100 nM). Apamin had no effect on frequency-current relationships (n ϭ 6; data not shown). Whether the lack of apaminsensitive K (Ca) channels reflects a normal developmental process (Dutia and Johnston, 1998; Klocker et al., 2001) or results from our culture conditions is not clear.
Ca V 1-type Ca 2ϩ channels in MNs are important in the amplification of synaptic input, the production of plateau potentials (Heckman et al., 2003) , and the generation of rhythmic motor activity (Hounsgaard and Kiehn, 1989; Jiang et al., 1999; Carlin et al., 2000b) . To investigate whether these channels can produce sustained depolarizations in ES cell-derived MNs, we studied the effects of the Ca V 1-type Ca 2ϩ channel activator FPL-64176 (10 M) on MN firing. A brief depolarizing current pulse activated only single action potentials in the control condition (Fig. 6Ci) . Application of FPL-64176 led to sustained depolarizations and sometimes action potential doublets (n ϭ 8) (Fig. 6Cii) . These effects were reversed by the Ca V 1-type Ca 2ϩ channel blocker nifedipine (20 M; n ϭ 3) (Fig. 6Ciii) . These findings demonstrate that Ca V 1-type Ca 2ϩ channels, which are critical for MN function, develop in ES cell-derived MNs.
Functional connections between ES cell-derived MNs and muscle cells
Using anatomical and electrophysiological analysis we investigated whether ES cell-derived MNs form functional connections with muscle fibers. As described above, these neurons express VAChT (Fig. 2 H) , which indicates that they contain at least some of the presynaptic machinery required to package acetylcholine into vesicles for its release at neuromuscular junctions (Gilmor et al., 1996) . One day after coculturing with C2C12 myotubes (Fig.  7Ai) , acetylcholine receptor clustering occurred on myotubes immediately adjacent to the developing axons (Fig. 7Aii, arrow , Aiii), indicating that postsynaptic specializations developed in the cocultures (n ϭ 9 cultures). In these culture conditions, such clustering was not seen on C2C12 myotubes cultured in the absence of ES cells or at a distance from the axon-like processes (Fig.  7B) . Confocal imaging revealed colocalization of eGFP ϩ axons and acetylcholine receptors (Fig. 7C) . Because eGFP ϩ axons grew on the surface of the C2C12 myotubes, imaging in the x-z orthogonal plane was used to confirm close apposition of eGFP ϩ axons and acetylcholine receptors (Fig. 7C) . Although acetylcholine receptor clustering occurred preferentially near eGFP ϩ axons, clustering was not always clearly opposed to eGFP ϩ axons. This parallels development in the chick (Dahm and Landmesser, 1991) and mouse (Lupa and Hall, 1989) , in which receptor clustering first forms near but not always at the site of direct anatomical contact by motor axons. These results indicate that as early as 1 d in coculture, ES cell-derived MNs induce receptor clustering necessary for neuromuscular transmission.
Physiological assessment of synapse formation was performed using intracellular sharp electrode recordings from single C2C12 myotubes (n ϭ 4) or chick myotubes (n ϭ 13). As early as 2 d after plating, numerous small (Fig. 8 A, arrow) and some large (Fig.  8 A, arrowhead) EPPs were recorded from C2C12 myotubes located adjacent to the EBs (frequency of occurrences plotted at the right). The amplitude and biphasic nature of the EPPs were similar to those reported for cocultures of mouse myotubes and a neuronal cell line (Chen et al., 2001 ). The reason for the biphasic nature of the EPP recordings is not immediately obvious. One possibility, however, is that because the recordings were not performed in the presence of paralytic agents, small contractile movements during the EPPs cause a leakage current around the glass electrode.
Given that ES cell-derived MNs express glutamate receptors (Fig. 4C) whereas the myotubes do not, bath application of glutamate was used to assess synaptically evoked activity in the C2C12 myotubes. Shortly after glutamate administration, the number of large EPPs (i.e., Ͼ1.5 mV) increased significantly, whereas the amplitude and number of small EPPs (i.e., Ͻ1.5 mV) remained relatively unchanged (Fig. 8, compare B, C) (n ϭ 3) . Bath application of 5 M TTX almost completely blocked the large EPPs but had no effect on either the number or amplitude of the small EPPs (Fig. 8C) (n ϭ 3) . This indicates that the small EPPs are likely spontaneously released miniature EPPs (MEPPs), whereas the large EPPs more closely resemble responses from evoked neurotransmitter release.
To ascertain whether the formation of functional synapses was restricted to muscle cell lines, RA-Hh-Ag-treated ES cells were also cocultured with primary myotubes isolated from embryonic chick muscles. In all myotubes recorded near the EB (n ϭ 13), application of 10 M glutamate resulted in large and small EPPs in chick myotubes after 6 d in coculture (Fig. 8 D) . Furthermore, both the large and small EPPs were completely blocked shortly after the application of D-tubocurarine (50 M; Ͻ5 min; n ϭ 3) (Fig. 8 D) . EPPs were never recorded from chick myotubes located Ͼ5 mm from the treated ES cells even when glutamate was added to the cocultures (data not shown). Together, these results indicate that RA-Hh-Ag-treated ES cells can form functional synapses with both C2C12 cells and primary chick myotubes and that the EPPs recorded from the muscle fibers are mediated by nicotinic acetylcholine receptors.
Discussion
The differentiation of specific classes of neurons from ES cells is a critical step toward the development of cell replacement therapies for neurodegenerative diseases in which discrete populations of neurons are lost. To define a specific class of neurons, one must use a combination of molecular and functional properties. Previous studies have shown that ES cells exposed to RA and Hh-Ag express molecular markers characteristic of MNs (Fig. 2) (Wichterle et al., 2002) . Moreover, after transplantation into the spinal cord of chick embryos, ES cellderived MNs have been shown to survive and project axons to muscle fibers (Wichterle et al., 2002) . In the present study, we show that ES cell-derived MNs acquire electrophysiological properties characteristic of their embryo-derived counterparts. In particular, ES cell-derived MNs develop appropriate currents in response to neurotransmitters (Fig. 4) , can receive synaptic input (Fig. 4Ciii) , have the capacity to fire repetitively at rates necessary for functional muscle contraction (Figs. 5, 6) , and form functional synapses with cultured muscle cells (Figs. 7, 8) .
For neurons to respond to synaptic activity, it is necessary that they develop the neurotransmitter receptors appropriate for their cell type. In ES cell-derived MNs, inward currents induced by exogenous application of the major inhibitory neurotransmitters of the spinal cord, GABA and glycine, demonstrated the expression of appropriate functional neurotransmitter receptors. Our findings are consistent with studies of developing spinal MNs demonstrating Cl Ϫ -mediated currents in response to GABA and glycine receptor activation (Wu et al., 1992; Gao and ZiskindConhaim, 1995) . Interestingly, we found that the magnitudes of steady-state GABA-induced currents were greater than those induced by glycine. A conclusion regarding the relative current densities is complicated by the likelihood of receptor desensitization during bath application of agonists, which will lead to underestimation of the measurement of peak current magnitudes. In developing MNs, however, GABA-mediated currents are also larger than those mediated by glycine, likely reflecting expression of a greater number of GABA channels (Gao and ZiskindConhaim, 1995) . During development, an increase in glycine receptor density leads to equivalent GABA-and glycine-mediated current magnitudes by postnatal stages (Gao and ZiskindConhaim, 1995) . These data suggest that ES cell-derived MNs acquire a late embryonic stage MN identity. ES cell-derived MNs also expressed functional receptors necessary to receive excitatory inputs, as evidenced by inward currents in response to glutamate applications. The shape of the I-V relationship for glutamate-induced currents was consistent with activation of both NMDA and non-NMDA receptors Westbrook and Mayer, 1984) . The expression of functional glutamate receptors on ES cell-derived MNs enabled the use of glutamate applications to stimulate synaptic activity on muscle cells in coculture (discussed below). Furthermore, glutamate application evoked EPSCs in ES cell-derived MNs after 6 d in coculture, demonstrating the development of functional synapses on these cells.
ES cell-derived MNs not only developed the receptors required to receive inputs, but also developed the membrane conductances required to transform inputs into appropriate patterns of action potential firing. ES cell-derived MNs expressed a range of ion channels, including fast-inactivating Na ϩ channels, delayed rectifier (I K -type) K ϩ channels, transient (I A -type) K ϩ channels, and voltage-activated Ca 2ϩ channels. Currents mediated by these channels were consistent with those reported in embryonic and early postnatal MNs developing in vivo (Takahashi, 1990; Gao and Ziskind-Conhaim, 1998; Alessandri-Haber et al., 2002) . Electrophysiological studies of undefined ES cellderived neurons have also demonstrated expression of some of these currents (Bain et al., 1995; Strubing et al., 1995 Strubing et al., , 1997 Benninger et al., 2003) , suggesting that their development is intrinsic to the development of a neuronal identity. In addition, ES cellderived dopaminergic neurons after transplantation also develop voltage-activated currents similar to those seen in cultured dopaminergic neurons (Kim et al., 2002) , indicating some specificity in channel development. We demonstrate that ES cell-derived MNs assume the electrophysiological properties of spinal MNs. For example, they express Ca V 1 (L-type) voltage-activated Ca 2ϩ channels, which develop in MNs during the first 2 postnatal weeks in mice (Jiang et al., 1999) and are thought to be important in the generation of output from spinal MNs through their contribution to bistable membrane behavior (Hounsgaard and Kiehn, 1989; Jiang et al., 1999; Carlin et al., 2000b; Heckman et al., 2003) . L-type channel activation using FPL-64176 induced sustained depolarizations in ES cell-derived MNs, supporting the presence of dendritic Ca 2ϩ channels that are thought to underlie bistable membrane behavior in MNs (Carlin et al., 2000b) . This suggests that these cells have acquired a postnatal phenotype.
The profile of ion channels expressed by MNs enables them to generate trains of action potentials of appropriate firing frequency to effect muscle contraction (Granit et al., 1963) . ES cellderived MNs generated repetitive action potential firing after 3 d in coculture. Steady-state firing frequencies of up to 20 Hz were detected in ES cell-derived MNs. These rates are in the appropriate range for developing MNs (Martin-Caraballo and Greer, 1999) as well as adult type slow MNs (Kernell et al., 1983) . In contrast, other spinal neurons such as dorsal spinocerebellar tract neurons (cat) (Gustafsson, 1984) or unidentified ventral interneurons (turtle) (McDonagh et al., 1998) fire at much higher frequencies. Another feature of normal MN firing evident in ES cell-derived MNs was spike frequency adaptation. The shorter initial interspike interval, typically seen in MNs, may help to stimulate extra force at the beginning of muscular contraction (Stein and Parmiggiani, 1979) .
Interestingly, only single action potentials could be elicited in ES cell-derived MNs during the first 2 d in coculture. This finding parallels recordings of embryonic lumbar spinal MNs in which only single action potentials are generated (Gao and ZiskindConhaim, 1998) . By early postnatal stages in vivo, repetitive firing is observed in lumbar MNs, much like ES cell-derived MNs grown for longer periods. These data suggest that ES cell-derived MNs exhibit an early postnatal character.
An additional criterion that defines MNs is the ability to form functional connections with muscle cells. Anatomical evidence of connections between ES cell-derived MNs and muscle fibers was provided after grafting of ES cell-derived MNs in the embryonic chick spinal cord (Wichterle et al., 2002 evidence of myotube innervation and nicotinic acetylcholine receptor-dependent contraction (Mizuseki et al., 2003; Harper et al., 2004) . In the present study, we provided anatomical and physiological evidence of connections between ES cell-derived MNs and muscle cells in culture. eGFP-positive axons contact C2C12 myotubes and induce acetylcholine receptor clustering on myotubes in close proximity to eGFP-positive axons. Recordings of myotubes in coculture with ES cell-derived MNs revealed nicotinic receptor-dependent EPPs. Moreover, a TTX-sensitive increase in the frequency and amplitude of EPPs in response to glutamate indicated that the EPPs resulted from synaptic connections between ES cell-derived MNs and myotubes.
Together, our findings indicate that cholinergic MNs generated from ES cells in culture express functional neurotransmitter receptors, receive synaptic inputs, develop ionic currents necessary to convert inputs to appropriate patterns of action potential firing, and form functional synapses with muscle cells. In addition, the preponderance of evidence indicates that by 5 d in coculture, they have acquired a postnatal functional phenotype. These data provide additional evidence that ES cell-derived MNs recapitulate the normal program of MN development in vitro. This experimental system therefore provides a valuable model for studying intrinsic and extrinsic factors that influence functional aspects of MN excitability. Furthermore, the demonstration that ES cell-derived MNs develop functional properties and form functional synapses may be of relevance in attempts to develop cell replacement therapies in diseases that involve MN degeneration.
